Two-dimensional immunoelectrophoresis (2D-IEP), in which a complex of antigens is subjected to electrophoresis first through an agarose matrix in one direction and secondly through an antiserum-agarose matrix at right angles to the first direction, was evaluated as a tool for analysis of mycobacterial antigens. Cell extracts from four species of mycobacteria, Mycobacterium tuberculosis (four strains), M. bovis strain BCG, M. scrofulaceum, and M. phlei, were assayed by 2D-IEP with four anti-mycobacterial antisera. Besides displaying the precipitin curves in a more easily interpreted format than did conventional immunoelectrophoresis (IEP), 2D-IEP offered greater sensitivity in terms of numbers of precipitin curves when like reactions were compared with IEP patterns. As many as 60 immunoprecipitates were observed on 2D-IEP slides compared to 18 on comparable IEP plates. Technical reproducibility of patterns from run to run was excellent. Other parameters, such as the influence of using different batches of antigen on the pattern, are discussed. Each of the cell extract antigens gave a unique pattern of precipitin peaks which could be easily differentiated from the patterns given by the other mycobacterial cell extracts when reacted with any of the antisera in 2D-IEP. Since both the species and strains of mycobacteria could be easily and reproducibly differentiated solely on the basis of two-dimensional immunoelectrophoretic patterns obtained with any of the antisera employed in this study, it may be possible, by using IEP, to differentiate and identify all species and strains of mycobacteria with one standard, highly sensitive antiserum, rather than a battery of antisera.
Two-dimensional immunoelectrophoresis (2D-IEP), in which a complex of antigens is subjected to electrophoresis first through an agarose matrix in one direction and secondly through an antiserum-agarose matrix at right angles to the first direction, was evaluated as a tool for analysis of mycobacterial antigens. Cell extracts from four species of mycobacteria, Mycobacterium tuberculosis (four strains), M. bovis strain BCG, M. scrofulaceum, and M. phlei, were assayed by 2D-IEP with four anti-mycobacterial antisera. Besides displaying the precipitin curves in a more easily interpreted format than did conventional immunoelectrophoresis (IEP), 2D-IEP offered greater sensitivity in terms of numbers of precipitin curves when like reactions were compared with IEP patterns. As many as 60 immunoprecipitates were observed on 2D-IEP slides compared to 18 on comparable IEP plates. Technical reproducibility of patterns from run to run was excellent. Other parameters, such as the influence of using different batches of antigen on the pattern, are discussed. Each of the cell extract antigens gave a unique pattern of precipitin peaks which could be easily differentiated from the patterns given by the other mycobacterial cell extracts when reacted with any of the antisera in 2D-IEP. Since both the species and strains of mycobacteria could be easily and reproducibly differentiated solely on the basis of two-dimensional immunoelectrophoretic patterns obtained with any of the antisera employed in this study, it may be possible, by using IEP, to differentiate and identify all species and strains of mycobacteria with one standard, highly sensitive antiserum, rather than a battery of antisera.
Immunoelectrophoresis (7) is a valuable technique for the analysis of mixtures of antigens. Its value, however, is limited in that, first, the precipitin patterns are not representative of quantitative variations among the antigens and, second, their interpretation requires considerable skill and experience. Ressler (18) showed that antigens could be forced by an electric current into an agar matrix containing antiserum, thus producing a number of narrow curves with a common base, the relative heights of which are proportional to antigen concentrations. Laurell (13) combined these methods so that the peaks no longer had a common base but were separated according to the electrophoretic mobility of the various antigens in agarose. This crossed electrophoresis technique is called two-dimensional immunoelectrophoresis, quantitative immunoelectrophoresis (4, 11) , or two-dimensional electroimmunodiffusion (A. J. Crowle, personal communication).
Two-dimensional immunoelectrophoresis was developed and has been used primarily for the analysis and quantitation of normal and abnormal serum antigens (5, 6) but should be applicable to other mixtures of antigens (2) .
Although gel diffusion and immunoelectrophoresis have been used for the analysis of mycobacterial antigens (3, 14, 16, 17) , they are not sensitive enough for studying all the antigenic moieties of a crude or multicomponent antigen mixture. For example, acrylamide pore gradient electrophoresis of a mycobacterial cell extract preparation results in the detection of between 40 and 60 bands which stain with proteinspecific dyes (1) (15) . The CF was used immediately or stored in 5-to 10-ml quantities at -80 C.
Bacterial cell extracts were prepared by diluting the washed cell mass with two volumes (w/v) of 0.88% saline containing 0.02%7 Merthiolate (PS).
This mixture was placed in an ice bath and subjected to ultrasonic vibrations provided by a Biosonic sonifier for 10 min. The partially broken cells were allowed to cool for 5 min, and then sonically treated for an additional 10 min. The sonic extract was centrifuged at 15,000 X g for 45 min at 3 C. The supernatant fluid was drawn off and saved, and the pellet was resuspended in three volumes (w/v) of PS. The sonic treatment and centrifugation steps were repeated two more times. The pellet from the third 15,000 X g centrifugation was reserved for use in making antiserum as described below. The pooled supematant fluids were centrifuged at 100,000 X g for 2.5 hr at 3 C. The pellet from this centrifugation was also reserved for use in making antiserum. The supernatant fluid was termed cell extract (CX) and was passed through a sterilizing membrane filter (0.45 mm pore size, Millipore Corp., Bedford, Mass.). The protein concentration was ascertained as described above for CF. The cell extract was divided into small quantities and stored at -80 C.
Preparation of antisera. With the exception of the antiserum directed against M. tuberculosis strain H37Rv, the antisera were prepared, with slight modifications, in accordance with the procedure described by Hirschfield (9) . At least three rabbits were used in making antiserum to each organism. That volume of CX which contained 5 mg of protein was mixed with that volume of CF which contained 5 mg of protein. One-half milliliter of a 10% aqueous solution of AlCl3 was added to the CX-CF mixture, the pH was adjusted to 7.2 with 10% aqueous NaOH, and the now turbid suspension was centrifuged at 2,000 X g for 20 min. The supematant fluid was drawn off, reprecipitated, and centrifuged as above. These steps were repeated three more times. The pellets from the five centrifugations were suspended in three volumes of PS and centrifuged at 2,000 X g for 20 min. The supernatant fluid was discarded and the pellet was washed six more times.
With this pelleted precipitate were mixed 0.5 g of the 15 ,000 X g pellet, 0.5 g of the 100,000 X g pellet, and sufficient (approximately 2 ml) unprecipitated CX and CF (the protein contributions from each preparation being equal) to make a suspension which could pass through an 18-gauge hypodermic needle. The total volume of the suspension did not exceed 6 ml per rabbit.
The suspension, which contained 10 mg of alumprecipitated protein, about 6 mg of unprecipitated protein, and 1 g of centrifugation pellet material, was injected intramuscularly (im) into both hind quarters of the rabbit, half on each side. Forty days later, 2 mg of unprecipitated protein, half from CX and half from CF, was injected subcutaneously into the flanks of the rabbit. Seven to 10 days later, a small sample of blood was drawn from the ear and the serum was tested against CF and CX in the conventional agar gel double-diffusion method. The development of eight or more precipitin bands in 48 hr indicated the serum was ready to be harvested. If fewer than eight bands appeared, the rabbit received a second booster. The second booster was seldom necessary. Once the antiserum was deemed satisfactory, the rabbit was exsanguinated by cardiac puncture and the serum was drawn off. The antisera of the same specificity which gave about (+ 1) the same number of precipitin bands were pooled, divided into 10-to 20-ml quantities and stored at -80 C.
Three procedures and six rabbits were employed in making antiserum to M. tuberculosis strain H37Rv. Two rabbits were injected im with a mixture containing 10 mg of alum-precipitated protein (half from CF and half from CX), 30 mg of dried whole cells, and 3.5 mg of unprecipitated protein from CX.
Two rabbits each received im an emulsion made from 3.3 ml of Freund's incomplete adjuvant, 10 mg of protein equally from unprecipitated CF and CX, and 30 mg of dried cells. A third pair of rabbits each received im half the dose of the alum suspension given each of the first pair of rabbits plus half the dose of the adjuvant emulsion given each of the second pair of rabbits. A booster injection of the VOL. 6, 1972 type described above was given to each of the six rabbits 40 days after the initial inoculation. Ten days later the rabbits were exsanguinated and their sera were pooled, divided into 10-ml quantities, and stored at -80 C.
Conventional immunoelectrophoresis. A modification of the "macro" method described by Grabar and Williams (8) Two-dimensional immunoelectrophoresis. Two-dimensional immunoelectrophoresis (2D-LEP) was employed, with slight modifications, as described by Laurell (13) . The first electrophoresis was carried out as described above for conventional IEP. The center of the antigen well was 1.2 cm from the bottom edge and 2.9 cm from the cathodic side of the slide.
After the first electrophoresis, the agarose above a line parallel to and 2.2 cm from the bottom edge of the slide was removed and replaced with 12 ml of a warm (50 C) mixture of one part 2% agarose in IEP gel buffer and one part antiserum, either undiluted (final dilution 1:2) or diluted 1 to 1 with IEP gel buffer (final dilution 1: 4). After the agarose-antiserum mixture had solidified, the slide was returned to the electrophoretic chamber and electrophoresis was conducted at right angles to the first direction of separation at 10 ma per slide for 20 hr at 5 C. The steps required to perform 2D-IEP are illustrated in Fig. 1 .
After the second electrophoresis, the slides were placed in a humid chamber and incubated for 24 hr at room temperature to increase the intensity of the precipitin curves. Once the curves had developed, the slides were washed with several changes of PS, dried under bibulous paper, stained with Ponceau S (1% in 3% trichloroacetic acid), destained in 5% acetic acid, again dried, and finally photographed. The diagrammatic representations of the precipitin patterns were made by tracing the images of the tops of the peaks produced when the stained slide was projected through a photographic enlarger onto white paper.
RESULTS
Typical two-dimensional immunoelectrophoretic patterns and the effect of dilution of antiserum on these patterns are presented in Fig. 2 The higher the dilution of antiserum, the fainter and taller the peaks are for a given duration of electrophoresis in the second direction. At a dilution of 1:8 the peaks were too faint to be seen clearly. At a 1:2 dilution of the antiserum the peaks were quite opaque and easily seen, but tended to be grouped together near the line marking the beginning of the antigen-antiserum matrix above the line of the first direction of separation of the antigen. At the 1:4 dilution, the peaks were still easily seen, tall enough to be well separated from each other, and less antiserum was required. Because only half as much antiserum was required (3 ml per slide) at the 1:4 dilution and discrete patterns were obtainable, the 1:4 dilution was adopted for the comparison of mycobacterial cellular antigens from organisms homologous and heterologous to the specificity of the antiserum.
By comparing the 2D-IEP patterns obtained ( Fig. 2 ) with either dilution (1:2 or 1:4) of antiserum with classical IEP patterns (Fig. 3) one may observe the ability of the 2D-IEP system to accentuate differences between antigen preparations from two mycobacterial species reacted against homologous and heterologous antisera. The classical IEP patterns (Fig. 3 representing reactions of H37Ra cell extract (CX) and BCG CX with antisera directed against H37Ra and BCG are dissimilar. Yet the 2D-IEP patterns (Fig. 2) which represent some of these same reactions make the antigenic differences between the two species more apparent, and thus allow easier differentiation of the cell extracts from the two species. Besides displaying the precipitin curves in a more easily interpreted format, the 2D-IEP technique offers greater sensitivity than classical IEP. Ten to 18 immunoprecipitin arcs were detectable in each classical IEP pattern (Fig. 3) , whereas 27 (Fig. 2B) The 2D-IEP electrophorograms presented in Fig. 4 were obtained with homologous mycobacterial antigen-antiserum systems. The patterns were distinct and unique for each species tested. Sixty immunoprecipitin curves were detected in the H37Rv CX-anti-H37Rv homologous system (Fig. 4B) which exemplifies the high degree of sensitivity obtainable with the 2D-IEP system.
By projecting the stained image of the twodimensional pattern onto white paper and tracing just the peaks of the precipitin curves, a "fingerprint" profile was obtained. This permitted an even clearer interpretation and comparison of the two-dimensional patterns obtained with different species and strains of mycobacteria. Figure 5 is a representative example of some of the two-dimensional "fingerprints" obtained when the different mycobacterial CX antigen preparations were reacted against homologous and heterologous antisera. Regardless of the total number of precipitin curves detected, each "fingerprint" was unique for the species or strain CX antigens tested against any single antiserum. Somewhat similar patterns were obtained when the CX from a given strain was reacted with the homologous and the two heterologous antisera employed.
In an attempt to state quantitatively the observation that a pattern given by one strain or species could be differentiated from the pattern given by another strain or species of mycobacteria, the electrophorograms were divided arbitrarily into eight vertical zones as indicated in Fig. 5 . The number of precipitin curves in each zone was counted and the results are illustrated in Fig. 6 . Each mycobacterial species and strain used in this study could be differentiated by comparing the graphic profiles obtained with each antiserum.
When M. phlei CX was analyzed by the three antisera, precipitin peaks were not found in zones 1, 2, 6, 7, or 8. This pattern was easily differentiated from the 2D-IEP pattern of M. scrofulaceum in that the peaks in the latter were sometimes found in zone 1 or 2 and always in zone 6 or 7. The majority of peaks in the M. bovis pattern were centered around zone 4, whereas the majority of peaks in the M. tuberculosis strain H37Rv pattern were found in zones 4 through 6 and for the M. tuberculosis strain H37Ra pattern in zones 1 through 4 Fig. 7 and 8 . Identical 2D-IEP patterns of the reaction of H37Ra CX and anti-H37Ra (diluted 1:4) obtained from three different runs are shown in Fig. 7 . Both the H37Ra CX and the antiserum used to obtain the patterns in Fig. 7 were from different batches than those used to obtain the pattern shown elsewhere (Fig. 2B) . Although the antiserum used to produce the patterns in Fig. 7 was more sensitive than that used to obtain the pattern Fig. 2B (37 peaks compared to 27 ), the gross patterns are quite similar. Moreover, if the fingerprint profile of the patterns in Fig. 7 is determined (zone 1, 2 peaks; zone 2, 1 peak; zone 3, 10 peaks; zone 4, 20 peaks; zone 4, 3 peaks; zone 6, 1 peak; and zones 7 and 8, no peaks), it is found that the peaks are allocated to the zones in nearly the same proportions as in Fig. 2B (fingerprint profile in Fig. 6 ). The majority of antigen peaks detected if the CX is derived from H37Ra are in zones I through 4. Examples of the effects on the reproducibility of 2D-IEP patterns of different batches of the same organisms cultured for the same time, different closely related strains cultured for the same and different times, and different batches of antiserum used with CX from the same batch are shown in Fig. 8 . The bottom two photographs ( Fig. 8C and D) represent reactiono of two batches of the same organism, each grown for 4 weeks with the same anti-H37Ra antiserum used to produce the patterns in Fig. 7 . It is apparent that the two batches of the organism gave nearly identical patterns. The upper two photographs (Fig. 8A and B) are reactions of two virulent strains of M. tuberculosis related to the organisms in Fig. 8C and D but grown for 8 weeks with the same anti-H37Ra antiserum. The necessity for adoption of standard culture conditions for organisms to be analyzed is emphasized by the differences between the two pairs of slides. In spite of strain differences, batch differences, and age of culture differences, there seem to be overall resemblances among the four slides which reflect their close taxonomic relationship. In addition, their fingerprint profiles approximate those obtained when H37Rv CX reacted with a different batch of anti-H37Ra antiserum (Fig. 6) (Fig. 9) .
Because of this high degree of sensitivity the 2D-IEP system offers several possibilities for the qualitative and quantitative identification and characterization of the highly complex mycobacterial cell extract antigen mixtures. The great sensitivity and technical reproducibility (Fig. 7) (11) and Crowle (personal communication) for the study of serum protein antigens in which the same amount of antiserum used in classical IEP is employed. Experiments are being conducted in this laboratory to determine the applicability of such a procedure for analysis of mycobacterial antigens.
Because of the problem of antigen excess in homologous cell extracts when the 1:4 dilution of antiserum is used, a direct count of the total number of precipitin curves obtained with CX from an unknown species of mycobacterial antiserum or a battery of them may not serve to identify the unknown species. The useful parameter at this dilution of antiserum is the pattern of the precipitin curves. Both the species and strains of mycobacteria could be easily differentiated solely on the two-dimensional immunoelectrophoretic patterns (Fig. 4 and 5 ) obtained with any one of the antisera prepared against H37Ra, BCG, or H37Rv. This differentiation was also successful with different batches of antigen prepared from cells harvested at 4, 6, and 8 weeks cultured under the same conditions, although optimal ease of identification is obtained when the cells are grown for the same length of time and tested against the same batch of highly sensitive antiserum. The identification, therefore, of an unknown species or strain of mycobacteria on the basis of the 2D-lEP pattern would not require a battery of antisera One standard, highly sensitive antiserum, such as the anti-H37Rv antiserum produced in the study, could possibly differentiate all the species and strains of mycobacteria. Of course, the analysis of cell extracts from a large number of mycobacterial species and strains would be necessary to determine if this were possible. The need for a suitable reference system to characterize mycobacterial antigens and a proposed reference system using classical IEP has recently been described (10; B. W. Janicki, S. D. Chaparas, T. M. Daniel, G. P. Kubica, G. L. Wright, Jr., and G. S. Yee., Amer. Rev. Resp. Dis., in press).
The discussion thus far has centered on the suitability of the 2D-IEP procedure for the classification of mycobacteria. Although the various species and strains of mycobacteria could be simply identified by the 2D-IEP technique, it was impossible to determine which antigens were common and which were specific for the species or strain by the method as presented. However, Kr0ll (12) has recently described a modification of a 2D-IEP system in which two antigen mixtures are assayed against a single antiserum. In his technique, precipitin curves which fuse together between the two antigen mixtures are considered representative of identical antigen determinants, and those which intersect are considered nonidentical as is Fs ET AL.
INFECT. IMMUNITY usually described for reactions of identity and nonidentity in gel double-diffusion tests. It might, therefore, be possible to determine the antigenic relationships and differences between two species or strains of mycobacteria on a single 2D-IEP slide, once the patterns have been determined individually. Once individual mycobacterial antigens can be definitively identified, then it should be possible to quantitate the mycobacterial antigens in the same way as reported for serum protein antigens by using 2D-IEP (4-6, 11-13).
The 2D-IEP technique appears to have great potential for the qualitative and quantitative characterization of mycobacterial antigens as well as any complex mixture of antigens (2) .
